effector memory T cell ͉ rheumatoid arthritis ͉ type-1 diabetes mellitus T cell-mediated autoimmune diseases afflict millions of people. Autoantigen-specific therapies would be ideal. Vaccination trials with altered myelin-peptide ligand induced a nonencephalitogenic T helper 2 response in some multiple sclerosis (MS) patients and worsened disease in others (1, 2) . Diseasemodifying immunotherapies have improved the management of autoimmune diseases; however, each of these therapies is known to induce side effects (3) (4) (5) (6) (7) . Consequently, there is an unmet medical need for novel immunomodulators with different mechanisms of action and͞or adverse-effect profiles from existing drugs. Although the frequency of autoreactive T cells in healthy individuals and in patients with autoimmune diseases is similar (8, 9) , disease-associated autoreactive T cells are mainly costimulation-independent CCR7 Ϫ T EM cells, whereas autoreactive T cells in healthy individuals are naïve͞T CM cells (10) (11) (12) (13) (14) (15) (16) . Therapies that selectively suppress T EM cells without affecting other lymphoid subsets would have immense value.
Kv1.3 is one of 76 human K ϩ channel genes, and the homotetrameric Kv1.3 channel in T cells has distinct biophysical and pharmacological properties (17) . Kv1.3 regulates membrane potential and Ca 2ϩ signaling in human T cells, and its expression is increased 4-to 5-fold in activated CD4 ϩ and CD8 ϩ T EM ͞ T EMRA cells. In contrast, human naïve or T CM cells up-regulate the calcium-activated KCa3.1 channel to regulate membrane potential and Ca 2ϩ signaling in the activated state (10). We previously showed that myelin-specific CD4 ϩ T cells from the peripheral blood (PB) of MS patients and T cells in MS lesions in postmortem brain sections were CCR7 Ϫ CD45RA Ϫ T EM cells with elevated Kv1.3 levels (10, 13). Furthermore, 5-methoxypsoralen, an analog of the Kv1.3 inhibitor PAP1, ameliorated visual field defects, spasticity, and paraparesis in MS patients (18) , and selective in vivo Kv1.3 inhibition ameliorated disease in a rat model for MS induced by myelin-specific CD4 ϩ CD45RC
Ϫ memory T cells (19, 20) . In the present study we directly assayed disease-associated autoreactive T cells from patients with rheumatoid arthritis (RA) or type-1 diabetes mellitus (T1DM), and we tested whether selective Kv1.3 blockers (20, 21) alleviated autoimmune-mediated disease in rat models of RA or T1DM without causing toxicity. high RA-SF-T cells were predominantly CCR7 Ϫ T EM cells, whereas OA-SF-T cells and RA-PB-T cells were preponderantly CCR7 ϩ naïve͞T CM cells (Fig. 1C) . Immunostaining of synovial tissues from RA patients revealed many Kv1.3 ϩ and CD3 ϩ T cells ( Fig. 1D and Fig. 5 , which is published as supporting information on the PNAS web site).
Results and Discussion
We next examined Kv1.3 currents in PB-T cells from T1DM patients or controls (Table 1) . Because autoantigen-specific T cells are rare in the blood (8), we used two methods to amplify relevant populations. First, we generated short-term antigenspecific CD4 ϩ T cell lines (TCLs) specific for T1DM-associated autoantigens insulin (INS; peptide 9-23) and GAD65 (peptide 555-567) or the control MS-associated autoantigen myelin basic protein (human MBP, whole protein). TCLs were patch-clamped 48 h after the third activation with the specific autoantigen. Second, we used phycoerythrin-tagged MHC class II tetramers to FACS-sort CD4 ϩ T cells from HLA-DR-0401 ϩ T1DM patients that were specific for GAD65 (555-567; 557I variant peptide) or the control antigen HA (306-318). GAD65-and INS-specific patient T cells (TCLs and tetramer-GAD65 ϩ ), regardless of disease activity or duration, expressed higher numbers of Kv1.3 channels (1,385 Ϯ 210 channels per cell, n ϭ 518 cells) compared with T cells specific for control antigens (MBP-specific TCL, tetramer-HA ϩ , tetramer-GAD65 Ϫ ) in these T1DM patients (457 Ϯ 25 channels per cell, n ϭ 90 cells; P Ͻ 0.001) as well as in other controls (GAD65-͞INS-͞myelin-specific-TCLs from healthy controls, GAD65-͞INS-specific TCLs from MS and type-2 diabetes mellitus patients) (601 Ϯ 29 channels per cell, n ϭ 708 cells; P Ͻ 0.001) (Fig. 2 A, C, and D, and Fig. 6 and Tables 1, 3 , and 4, which are published as supporting information on the PNAS web site). Among the different cohorts of T1DM patients, Kv1.3 channel numbers in GAD65-͞INS-specific TCLs from recent-onset T1DM patients (1,805 Ϯ 45 channels per cell, n ϭ 305 cells) were higher (P Ͻ 0.001) than in patients with longstanding T1DM (1,205 Ϯ 78, n ϭ 157 cells), suggesting a disappearance of Kv1.3 high T EM cells paralleling the loss of ␤ cell antigens as the disease progresses. In one individual with both T1DM and MS, TCLs specific for GAD65, INS, and MBP all expressed high numbers of Kv1.3 channels (Fig. 2C) . The patch-clamp data were confirmed by immunostaining for Kv1. 3 (Fig. 3A) cocapped with CD4 (Fig. 3B) , and the entire complex clustered at the IS when GAD65-specific T EM clones were exposed to antigen-presenting cells (APCs) loaded with GAD65 ( Fig. 3C and Fig. 8 , which is published as supporting information on the PNAS web site), but not with the irrelevant antigen MBP (Fig. 3D) . SL5 (20) , a selective inhibitor of Kv1.3, neither prevented IS clustering (Fig.   3E ) nor disrupted the IS once formed (Fig. 8) at a concentration that blocks Ͼ99% of Kv1.3 channels (100 nM). These data indicate that K ϩ efflux through Kv1.3 channels is not necessary for IS formation or stability. IS clustering of Kv1.3 may rather provide a mechanism for channel regulation by lck phosphorylation (23) .
SL5 inhibited Ca 2ϩ signaling in GAD65-specific CD4 ϩ T EM clones in a dose-dependent fashion with an IC 50 Ϸ200 pM (Fig.  3F) , a pharmacologically relevant concentration (20) . SL5 and PAP1 (21) inhibited IL2 and IFN␥ production by RA-SF-T cells (mainly T EM cells) more effectively than RA-PB T cells (mainly naïve͞T CM cells), but these Kv1.3 inhibitors were less effective in suppressing the production of TNF-␣ and IL4 (Fig. 3G Upper  and Fig. 9 , which is published as supporting information on the PNAS web site). SL5 also inhibited IL2 and IFN␥ production by GAD65-specific T EM clones from T1DM patients (Fig. 3G  Lower) . SL5 was 10-fold more effective in suppressing [ 3 H]thymidine incorporation by RA-SF-T cells compared with RA-PB-T cells from the same patients (Fig. 3H Left) , but when these cell populations were activated for 48 h, rested, and restimulated, RA-SF T cells remained exquisitely sensitive (IC 50 Ϸ 100 pM) to SL5 whereas RA-PB T cells were resistant (Fig. 3H Right) . This ''escape'' by naïve͞T CM cells is due to up-regulation of the KCa3.1 channel that modulates Ca 2ϩ signaling in activated naïve͞T CM cells in place of Kv1.3 (10) . A significant aspect of this finding is that Kv1.3 blockers may have an advantage over (Fig. 10 , which is published as supporting information on the PNAS web site). Because all CCR7 Ϫ T EM ͞T EMRA cells, regardless of antigenspecificity, up-regulate Kv1.3 channels when activated, Kv1.3 blockers might globally suppress T EM ͞T EMRA cells and compromise the ability to respond to pathogens. However, we found that GAD-specific CD4 ϩ CCR7 Ϫ T EM cells from T1DM patients escaped SL5 suppression when the strength of antigenic stimulus increased (Fig. 3I) . This result suggests that T EM cells specific for pathogens and vaccine antigens are likely to overcome Kv1.3 blockade when challenged by a high amount of antigen.
Kv1.3 Inhibitors Ameliorate Disease in Rat Models of RA and T1DM.
We evaluated the therapeutic potential of Kv1.3 inhibitors in rat models of RA and T1DM. Mouse models of autoimmune disease (e.g., NOD mice) are not suitable for evaluating the effects of Kv1.3 blockers because the membrane potential of mouse T cells is not regulated by K V channels (24, 25) , and the K ϩ channel expression pattern of mouse T cells, particularly repeatedly activated cells, is different from that of human T cells (26, 27) . SL5 and PAP1 were used in the arthritis study and the experimental autoimmune diabetes (EAD) study as representative peptide and small-molecule Kv1.3 inhibitors, respectively.
We performed a treatment trial with SL5 in the pristaneinduced MHC class II-restricted chronic arthritis model (PIA) in Dark Agouti rats (28, 29) . Rats were given single daily s.c.
injections of vehicle (saline) or SL5 (100 g͞kg per day) at the first sign of arthritis, and therapy was continued for 21 days. The duration of the trial and the severity of arthritis were consistent with published studies (28) . Rats developed arthritis around day 10, and in vehicle-treated animals (n ϭ 14) disease severity worsened continuously with time (Fig. 4A) . Radiological analysis revealed significant periostitis, erosion, and deformity, and histopathological studies showed severe synovitis, inflammatory cell infiltrate, and cartilage ulceration (Fig. 4 A-C) . SL5-treated rats (n ϭ 11) had significantly fewer affected joints during the entire course of treatment (P Ͻ 0.05 on days 19-34) (Fig. 4A ) and showed significant improvement in radiological and histopathological findings (Fig. 4 B and C) . Circulating levels of rheumatoid factor (IgG) and cartilage oligomeric matrix protein were not significantly reduced in treated animals (Fig. 11 , which is published as supporting information on the PNAS web site). Low-titer anti-SL5 Abs were induced in these rats (Fig. 12 , which is published as supporting information on the PNAS web site), but it remains to be determined whether these Abs are neutralizing and have the potential to reduce the long-term therapeutic effectiveness of SL5. No clinical signs of toxicity were identified during the trial. Kv1.3 inhibitors, like TNF-␣ receptor antagonists, which are the mainstay of RA therapy (30) , may have to be repeatedly administered to prevent disease progression, and treatment may have to be initiated early in the disease. Because Kv1.3 blockers do not effectively suppress TNF-␣ production (Fig. 3G) , a combination of a Kv1.3 blocker and a TNF-␣ receptor antagonist may be more effective than either therapy alone.
We conducted a prevention trial of PAP1 in MHC class II-restricted DP-BB͞W rats, a standard model for T1DM. We were unable to perform a treatment study because DP-BB͞W rats progress to severe ketoacidosis and death with almost complete destruction of pancreatic ␤ cells within 1-2 days after the onset of hyperglycemia (31, 32) if INS is not administered. In contrast, NOD diabetic mice survive for weeks without exogenous INS, and ketoacidosis is mild. DP-BB͞W rats daily received vehicle (peanut oil, 3 l͞g, n ϭ 14) or PAP1 (n ϭ 15) at 50 mg͞kg by gavage starting from 35 days of age, and treatment was continued until day 110. The duration of our trial is in agreement with published reports (33, 34) . Vehicle-treated rats began developing EAD at 70 days of age with 13 of 14 animals (93%) developing EAD by day 110 (Fig. 4D) . In contrast, only 7 of 15 rats treated with PAP1 (47%), which produced pharmacologically relevant concentrations in the blood and pancreas (Fig. 13 , which is published as supporting information on the PNAS web site), developed EAD by day 110 (P ϭ 0.02) (Fig. 4D) . In comparison, anti-CD4 Ab administered from day 7 of age to DP-BB͞W rats only reduced the cumulative EAD incidence from 61% to 34% (35) . In a separate group of rats we evaluated the ability of PAP1 to prevent lymphocytic insulitis that destroys pancreatic ␤ cells and precedes the development of EAD. PAP1 was administered daily from 35 to 70 days of age. In PAP1-treated rats we observed decreased intraislet T cell and macrophage infiltration and reduced ␤ cell destruction compared with vehicle-treated controls (Fig. 4E and Fig. 14 , which is published as supporting information on the PNAS web site). Because Kv1.3 inhibitors are reported to increase glucose uptake by mouse adipocytes by stimulating GLUT4 translocation (36) , the EAD-preventing effects of PAP1 may be via increasing peripheral INS sensitivity or via effects on the production of the INS-sensitizing adipocyte hormone adiponectin. However, neither basal nor INS-stimulated glucose uptake or adiponectin secretion by isolated cultured rat adipocytes was increased by PAP1, SL5, or margatoxin (Fig. 15 , which is published as supporting information on the PNAS web site), indicating that PAP1 prevents EAD in DP-BB͞W rats via immunomodulation. These encouraging results coupled with results from ex vivo studies on disease-associated autoreactive T cells from T1DM patients (Fig. 2) provide a rationale for evaluating Kv1.3 inhibitors as a therapy for T1DM and for preventing autoimmune destruction of HLA-matched grafted islets in T1DM patients.
Safety Profile of Kv1.3 Inhibitors. A key issue for any long-term therapy is the balance between efficacy and safety. Although suppression of Kv1.3 would appear to provide a good approach to modulate pathologic immune responses mediated by autoreactive T EM cells, Kv1.3 is also present in the central nervous system, kidney, liver, skeletal muscle, platelets, macrophages, testis, and osteoclasts, raising the possibility that Kv1.3 blockers could have adverse side effects. To investigate this possibility, we performed 28-day toxicity studies in rats with PAP1 (50 mg͞kg), repeated doses being administered by gavage, and with SL5 repeatedly administered (100 g͞kg per day or 500 g͞kg per day) by daily s.c. injections. Both blockers failed to induce any histopathological changes in any tissue examined, including those reported to express Kv1.3 (Table 5 , which is published as supporting information on the PNAS web site). However, SL5 produced skin irritation at the injection site (Table 6 , which is published as supporting information on the PNAS web site). The blockers did not perceptibly alter blood cell counts or serum chemistry parameters (Tables 5 and 6 ). PAP1 also failed to cause signs of toxicity in treated DP-BB͞W rats during 10 weeks of therapy. Rhesus macaques administered single doses of Kv1.3 inhibitors (PAP1, 3 mg͞kg i.v.; SL5, 100 g͞kg i.v.) did not exhibit toxicity (A. A. Ansari, personal communication). We previously reported that SL5 and PAP1 exhibit no perceptible in vitro toxicity and were negative in the Ames test (20, 21) , and SL5 had no effect on cardiac parameters as measured by continuous EKG monitoring (20) . The relative safety of Kv1.3 blockers may be due in part to channel redundancy and also because Kv1.3 blockers may not inhibit Kv1.3-containing heteromultimers (e.g., in the CNS) with the same affinity as Kv1.3 homotetramers in T cells. More extensive toxicity studies are necessary to confirm the safety profile of Kv1.3 inhibitors. The dose limitations of combination therapy may diminish side effects without undermining the effective mechanism of individual therapies.
Several lines of evidence suggest that Kv1.3 inhibitors may not increase susceptibility to infections, although this will have to be thoroughly investigated in future. First, quinine, an antimalarial agent, blocks Kv1.3 (IC 50 ϭ 14 M) (37) at concentrations found in patients' circulation (8-50 M) (38) . Patients that have received quinine have not exhibited an enhanced risk of infections or evidence of generalized immunosuppression (39) . (Quinine blocks other channels, and its toxicity profile is consequently different from that of specific Kv1.3 inhibitors.) Second, Alefacept, an immunotherapeutic that targets T EM cells (15) ϩ -dependent Ab responses (e.g., increases in antitetanus toxoid titer after immunization) (40) . These results suggest that suppression of T EM cells by Kv1.3 inhibitors should not increase susceptibility to infection and not compromise immune responses to vaccination. Third, 4-aminopyridine (4-AP), a K ϩ channel blocker used in MS therapy to augment nerve conduction, suppressed T EM proliferation at concentrations (IC 50 Ϸ 8 M) (Fig. 3J ) comparable to those found in treated MS patients (cerebrospinal fluid 5 M), suggesting that the therapeutic effect of 4-AP may be mediated in part by T EM suppression. 4-AP is not reported to augment susceptibility to infections or broadly immunosuppress treated MS patients. Finally, rats housed under standard (non-specific pathogen-free) conditions and repeatedly administered PAP1 or SL5 for 28 days did not develop any apparent opportunistic infections.
Advantages of Kv1.3 Inhibitors. Kv1.3 blockers preferentially suppress autoreactive CCR7
Ϫ T EM cells that arise as a consequence of repeated autoantigen stimulation during the development of disease, and the Kv1.3 channel, therefore, shows more specificity for autoreactive T cells than any molecular target expressed on all T cells. Kv1.3 blockers would have use in any autoimmune disease in which T EM cells have been implicated. If a correlation is found between the levels of Kv1.3 high T EM cells and disease severity, it may be feasible to use sequential short-term therapy with Kv1.3 inhibitors when the numbers of Kv1.3 high T EM cells are high. Small-molecule Kv1.3-specific inhibitors would have several advantages over other immunotherapeutics including being less expensive to produce and easier to ship and store, and their oral bioavailability and relatively short half-lives would allow more rapid termination of therapy if adverse effects are observed.
Materials and Methods
Patients and T Cells. Patients' details are provided in Table 1 . Methods for generating TCLs and tetramer-sorted T cells are provided in Supporting Text, which is published as supporting information on the PNAS web site.
Electrophysiology. Whole-cell recordings were performed as described (10) (see Supporting Text).
IS Formation. APCs were loaded with GAD65 557I or MBP, and with DAPI (Molecular Probes, Eugene, OR). HLA-matched GAD-specific T EM cell clones (41) were incubated in the absence or the presence of 100 nM SL5 (20) for 1 h, mixed with the antigen-and DAPI-loaded APCs, plated onto polylysine-coated glass coverslips, fixed, and stained for confocal microscopy (see Supporting Text).
